Monoterpenes react with nitrate radicals (NO 3 ), contributing substantially to nighttime organic aerosol (OA) production. In this study, the role of reactions of monoterpenes + NO 3 in forming biogenic secondary organic aerosol (BSOA) was examined using the Community Multiscale Air Quality (CMAQ) model, with extended emission profiles of biogenic volatile organic compounds (BVOCs), species-specific representations of BSOA production from individual monoterpenes and updated aerosol yields for monoterpene + NO 3 . The model results were compared to detailed measurements from the Southern Oxidants and Aerosol Study (SOAS) at Centreville, Alabama. With the more detailed model, monoterpene-derived BSOA increased by ∼1 μg m −3 at night, accounting for one-third of observed less-oxidized oxygenated OA (LO-OOA), more closely agreeing with observations (lower error, stronger correlation). Implementation of a multigenerational oxidation approach resulted in the model capturing elevated OA episodes. With the aging model, aged semi-volatile organic compounds (ASVOCs) contributed over 60% of the monoterpene-derived BSOA, followed by SOA formation via nitrate radical chemistry, making up to 34% of that formed at night. Among individual monoterpenes, β-pinene and limonene contributed most to the monoterpene-derived BSOA from nighttime reactions.
Introduction
Biogenic secondary organic aerosol (BSOA), formed from biogenic volatile organic compounds (BVOCs), impacts air quality and global climate Heald and Geddes, 2016; Zhang and Wang, 2016) . Isoprene (C 5 H 8 ), the most abundant non-methane volatile organic compound (VOC), monoterpenes (isomers of C 10 H 16 ), and sesquiterpenes (C 15 H 24 ) , are estimated to contribute ∼30% of organic aerosol (OA) annually on a global scale (Pye et al., 2010) . In the summertime, particularly in the southeastern United States (SE US), biogenic emissions play an even more important role, being responsible for over half of observed OA Offenberg et al., 2011; Weber et al., 2007; Xu et al., 2015a) .
Production of isoprene-formed BSOA (hereafter as SOA I ), initialized by photo-oxidation of isoprene with aqueous uptake of isoprene epoxydiols (IEPOX) and subsequent addition of nucleophiles (e.g. H 2 O, inorganic sulfate), has been extensively investigated Kroll and Seinfeld, 2008; Kuwata et al., 2015; Lin et al., 2013; Liu et al., 2015; Nguyen et al., 2014b; Rollins et al., 2012; Surratt et al., 2006 Surratt et al., , 2007 Surratt et al., , 2010 Vasilakos et al., 2018; Worton et al., 2013; Xu et al., 2014 Xu et al., , 2015a . Its mechanism has already been implemented into chemistry transport models such as the Community Multiscale Air Quality (CMAQ) and GEOS-Chem (Byun and Schere, 2006; Jathar et al., 2016; Pye et al., 2013; Xie et al., 2013) . Parameterization of SOA I formation in CMAQ was further revised to reflect the fact that SOA I is primarily mediated by the abundance of sulfate instead of the particle water content and/or particle acidity as suggested by prior laboratory studies (Vasilakos et al., 2018; Xu et al., 2015a) . Xu et al. (2015a) that monoterpenes reacting with nitrate radical (NO 3 ) account for ∼50% of the night time OA production at Centreville, Alabama, and this large contribution is likely due to high levels of monoterpenes at night and their high SOA yields. Elevated levels of nighttime organonitrates were also observed in the southeastern US (Xu et al., 2015b) , California (Rollins et al., 2012) , and at multiple sites worldwide , particularly in areas influenced by both biogenic and anthropogenic emissions. NO 3 , which is expected to be an essential precursor to nighttime BSOA formation, is mainly produced via the reaction between O 3 (ozone) and NO 2 (nitrogen dioxide). Daytime concentrations of NO 3 are low due to rapid photolysis and reaction with NO but can still reach a few hundred ppt in urban plumes at night (Penkett et al., 2007; Seinfeld and Pandis, 2012) . It can oxidize monoterpenes by attacking the double bonds to form organonitrates (RONO 2 ). Fry et al. (2014) pointed out that chamber study-determined aerosol yields of monoterpene + NO 3 vary dramatically among different monoterpenes, ranging from zero for α-pinene (one of the most abundant individual monoterpenes) to 44% for limonene at a mass loading of 10 μg m −3 . A substantial fraction (56-82%) of the aerosol is organonitrate. As summarized in Table 2 in Ng et al. (2017) , little aerosol production (yield < 16% at mass loading up to a few hundred μg·m
) for NO 3 oxidation of α-pinene was also reported from other chamber studies (Hallquist et al., 1999; Moldanova and Ljungström, 2000; Nah et al., 2015; Perraud et al., 2010; Spittler et al., 2006) . SOA yields for β-pinene + NO 3 are higher, varying up to 104% for a broad range of mass loading (5.1-216.1 μg m −3 ) . Reactions of limonene with NO 3 produce BSOA more efficiently, with approximately a constant yield of 174% at 298 K, independent of organic mass loadings (Boyd et al., 2017) . This is higher than a previously reported range of 20% (Hallquist et al., 1999) to ∼40% (Fry et al., 2009 (Fry et al., , 2011 , potentially because it was obtained under conditions that both of the double bonds were oxidized mainly by NO 3 .
Even though current SOA yields are determined by environmental chamber studies at atmospherically-relevant concentrations, chemical transport models have difficulty reproducing observed OA in the atmosphere with the yields on the magnitude and on the properties, e.g. oxidation state, indicated by atomic oxygen-to-carbon (O:C) ratios (Chen et al., 2015; Hallquist et al., 2009; Hayes et al., 2015; Li et al., 2015; Yu et al., 2007) . For example, a review reported that nearly half of the 10 targeted studies had modeled OA ∼50% lower than the reported measured values coming from the existing networks such as the Chemical Speciation Network (CSN) and the Interagency Monitoring of Protected Visual Environments network (IMPROVE) in the U.S. (Simon et al., 2012) . Losses of semi-volatile organic compounds (SVOCs), or particles to chamber walls, which were an issue while are currently being reduced, could lead to lower yields than in the atmosphere, and in part explain the model-measurement discrepancies (La et al., 2016; Nah et al., 2015 Nah et al., , 2016 Nah et al., , 2017 Zhang et al., 2014) . More likely, further reactions of intermediate products, e.g. multigenerational oxidation of SVOCs, either in the gaseous phase or the condensed phase, were not well captured in the chamber. With multigenerational oxidation, the products partitioned appreciably to the condensed phase as a result of decreased volatility and an increased oxidation state (Donahue et al., 2011 (Donahue et al., , 2012b Koo et al., 2014) . Experiments studying limonene (which has two double bonds) and β-pinene with NO 3 indicate further oxidation and SOA growth observed for limonene but not for β-pinene (Fry et al., 2009 (Fry et al., , 2011 Boyd et al. (2015) observed a small increase in O:C for β-pinene under NO 3 aging. During photochemical aging, α-pinene and β-pinene BSOA initially via NO 3 chemistry becomes increasingly oxidized . On the other hand, Aumont et al. (2012) estimated that the timescale required to reach the maximum yield resulting from successive oxidation steps in the atmosphere exceeds one week for decane which may increase as organic aerosol loading or hydrocarbon carbon chain length decreases. With the same number of carbon atoms, monoterpene-formed BSOA (hereafter as SOA M ) likely increases to a maximum in multiple days, longer than chamber experiment duration. Although aging of α-pinene formed BSOA via NO 3 chemistry could be an exception since the BSOA re-volatilize and partition back to the gas phase . Multigenerational oxidation occurring in a biogenic environment can alter the amount of SOA beyond that observed in chambers (Palm et al., 2016) .
Monoterpene BSOA production via NO 3 chemistry is frequently parameterized using the Odum two-product fit (Odum et al., 1996) , volatility basis set (VBS) approach (Henry and Donahue, 2012) , or fixed yield to estimate gas/particle partitioning of semi-volatile products from initial hydrocarbon reactions in atmospheric chemistry transport models (Table 5 in Ng et al. (2017) ). Previous modeling studies have found that NO 3 oxidation contributes 10-20% of global SOA, primarily originating from terpenes, and is more important in polluted regions Pye et al., 2010) . Yields for photo-oxidation of monoterpenes (Griffin et al., 1999 ) are adopted for monoterpene + NO 3 parameterization in regional models, e.g. CMAQ and CAMx using the two-product approach, which likely underestimates nocturnal BSOA production based on recent field (Xu et al., 2015a) and experimental studies (Boyd et al., , 2017 . A lack of the knowledge of the reaction products, including identity and volatility, hinder specifying further reactions in monoterpene + NO 3 chemistry. For instance, the potentially short lifetime of particulate organonitrates (τ = 2.1-4.0 h) or rapid hydrolysis rate (τ = 3 h) is needed for optimal model-observation agreement Pye et al., 2015) . However, laboratory studies suggest that organic nitrates formed from photooxidation vs. NO 3 oxidation can have drastically different hydrolysis lifetimes Rindelaub et al., 2015; Bean and Hildebrandt Ruiz, 2016; Boyd et al., 2017) which is likely due to the presence of different amounts primary/secondary/tertiary nitrates Hu et al., 2011) . Most organonitrates from β-pinene + NO 3 undergo hydrolysis at a low rate (τ = 30 h) as a result of the primary position of nitrate functional group . As such, the fate of condensed organonitrates is still uncertain, and more laboratory work is warranted.
In this study, the role of monoterpene + NO 3 chemistry in BSOA formation was evaluated using CMAQ with updated yields based on chamber studies of β-pinene and limonene reactions with NO 3 (Boyd et al., , 2017 . Given the significantly varied BSOA yields among monoterpenes, BSOA production from individual monoterpenes was represented. This method was used instead of utilizing the original lumping scheme in which parameters for five different monoterpenes are lumped together using U.S. emissions-based weighting factors Carter, 2010a) . The influence of multigenerational oxidation with oxidants OH/O 3 which is often underestimated in chamber studies was also considered. The revised model is assessed using detailed measurements taken at Centreville, Alabama during the Southern Oxidant and Aerosol Study (SOAS) (http://soas2013.rutgers. edu).
Methods

Observations description
We utilized the observations from SOAS Brophy and Farmer, 2015; Carlton et al., 2013; Nguyen et al., 2014a) , a collaborative field campaign taking place during June 1 -July 15, 2013 to understand the interactions of biogenic and anthropogenic emissions in the SE US. The site, as part of Southeastern Aerosol Research and Characterization (SEARCH) network (Edgerton et al., 2005 (Edgerton et al., , 2006 Hansen et al., 2003) , is located in the National Talladega Forest near Centreville (CTR), Alabama. Due to the intense emissions of BVOCs, e.g. isoprene, α-pinene, and β-pinene at the site, biogenic emissions were expected to contribute substantially to SOA in this region. Specific observations used here include OA, of which four subtypes were identified with positive matrix factorization (PMF) (Paatero and Tapper, 1994; Xu et al., 2015a) . The four subtypes were biomass burning OA (BBOA), isoprene-derived SOA (isop_OA), less-oxidized oxygenated OA (LO-OOA), and more-oxidized oxygenated OA (MO-OOA). LO-OOA accounted for ∼30% of OA at CTR and is associated with organic nitrates which are formed by reactions of monoterpenes via NO 3 chemistry. Additionally, observations of major gases (e.g. CO, NO 2 , O 3 and gaseous organic nitrates), short-lived trace gases (e.g. OH radical and NO 3 radical), and aerosols (e.g. sulfate, nitrate, ammonium, EC, and OC) were used for model evaluation. Steady state NO 3 concentration (NO 3 SS ) calculated by Ayres et al. (2015) was regarded as the observation as NO 3 concentration was extremely low at CTR during the SOAS and below the lower detection limit most of the time.
Chemical transport modeling
The Community Multiscale Air Quality (CMAQ) model (v5.02) ( (Byun and Schere, 2006) , with additional updates on BSOA from isoprene oxidation products when mixed with anthropogenic pollutants Vasilakos et al., 2018) , was employed as the base model to simulate BSOA over the United States. Emissions were based on the 2011 National Emissions Inventory processed by the Sparse Matrix Operator Kernel for Emissions (version 3.5.1) (Houyoux and Vukovich, 1999) . Meteorological fields were developed using the Weather Research and Forecasting (WRF) model (version 3.6) (Skamarock et al., 2005) , as described in Hu et al. (2015) . The Biogenic Emissions Inventory System Version 3 (BEIS3), which is embedded into the CMAQ, was adopted to run online for calculating biogenic emissions. The horizontal resolution for modeling was 36-km. The simulation period went from May 28 -July 15, 2013, covering the period of the SOAS campaign with a 4-day spin-up period. We conducted a reference simulation (called "base case" hereafter) and other simulations using two revised models. The first was the detailed model ("detailed case") which used an updated parameterization of SOA formed from monoterpenes and a more detailed description of monoterpene species from their emission through their oxidation. The second was the aging model ("aging case") which included multigenerational aging based on the detailed model. Specific changes made to CMAQ are detailed below. Emission profiles for monoterpene were adjusted in the detailed/aging cases to reproduce observed monoterpene concentrations at CTR.
Detailed terpene emissions
Monoterpene inventory in the base case included emissions of α-pinene and other monoterpenes. In the detailed case and the aging case, emissions of individual monoterpenes, e.g. α-pinene, β-pinene, limonene, △3-carene, and sabinene, were calculated respectively, along with aggregated emission of the remaining monoterpenes including myrcene, ocimene, camphene, etc. Detailed monoterpene emissions were examined and subsequently adjusted according to a comparison between the observed individual monoterpene mixing ratios and an additional simulation using the detailed model. However, no modification of the mass or timing of total biogenic emissions was made. Based on this investigation, diurnal emission rates of the monoterpene species with the highest emission rates (α-pinene, β-pinene, and limonene) were modified iteratively until the observed diurnal variations in the detailed/aging cases were better captured.
Updated parameterization of SOA M
The base case gas-phase chemistry used in CMAQ was based on the SAPRC07tic mechanism , which included a more explicit description of isoprene chemistry than the earlier version SAPRC07TC (Carter, 2010a; . In the standard SARPC07tic mechanism, monoterpenes, except α-pinene, were represented ("lumped") together as "TERP", with a lumped reaction rate coefficient derived using four primary species, including β-pinene, limonene, △3-carene and sabinene in the North American biogenic inventory (Carter, 2010a) . In this work, the oxidation of the four monoterpenes by O 3 , OH, O 3 P, and NO 3 , were represented explicitly with an individual reaction rate constant and products (Table S1 ). All other monoterpenes (e.g., myrcene, ocimene, camphene, etc.) were lumped as OTERP and were represented in the same way as TERP in the standard mechanism with reaction rate constant derived based on Atkinson and Arey (2003) Carlton et al. (2010) . The yields and partitioning parameters for nitrate radical chemistry of β-pinene and limonene were updated according to the measured yield curve for β-pinene + NO 3 (Table S2 ) and limonene + NO 3 , respectively (Boyd et al., , 2017 . The estimated aerosol yield (174%) for limonene +NO 3 at 298 K was adopted in this work by assuming that the aerosol type was non-volatile. Nocturnal SOA formation from Δ3-carene and sabinene were represented with the same parameters as β-pinene due to the unavailability of parameters specific to those species. As in the chamber study, only a small quantity of BSOA was formed via α-pinene + NO 3 (Fry et al., 2014; Nah et al., 2015) , and the yield of firstgeneration gas-phase products was assumed to be zero.
Multigenerational oxidation
The multigenerational oxidation of semi-volatile organic compounds (SVOCs) from anthropogenic and biogenic precursors incorporated in the aging model followed the work of Baek et al. (2011) . SOA I formation through key intermediates IEPOX/MAPN is fundamentally a process of gas-phase multigenerational oxidation followed by reactive uptake and condensation on particles (Surratt et al., 2010) , which was taken into account in the base model so that no further reactions were added for SOA I formation. In this study, multigenerational oxidation was described in a simplified manner, considering a decrease in the volatility of products with each oxidation step. Aged SVOCs (ASVOCs) contributed by monoterpene, sesquiterpene, and anthropogenic VOCs emissions were derived from reactions of SVOCs with OH radical and O 3 , utilizing the same reaction rate coefficients as the precursors in SAPRC07tic. Note that aging by O 3 in this study refers to the reactions in which O 3 oxidized the remaining double bonds for precursors with multiple double bonds. Due to a lack of evidence regarding SOA mass increase through multigenerational oxidation with NO 3 radical, it was not considered in the model. SVOC with a high volatility in the two-product model, denoted as HSVOC, reacted with oxidants, evolving into the corresponding SVOC with a low volatility (LSVOC). LSVOC was oxidized to form ASVOC with the vapor pressure decreasing further. For species with a fixed SOA yield, e.g. limonene, the respective oxidation product was not subject to multigenerational oxidation given that it was non-volatile. At each computation timestep, HSVOC and LSVOC were limited to one oxidation step. Additionally, ASVOCs were assumed to be non-volatile, which would not partition back to the gas phase, with carbon mass conserved and the same OM/ OC ratio (2.1) as oligomers in current CMAQ. Other chemical aging processes such as photolysis and fragmentation in the condensed phase, which will decrease the aerosol mass, were not considered (Donahue et al., 2012a; Jathar et al., 2015) . Therefore, the simulated OA concentration with multigenerational oxidation may be an upper limit and was investigated using a sensitivity analysis calculation.
Results and discussion
Model performance
CMAQ performance for gases CO, NO 2 , and aerosol components (sulfate, nitrate, ammonium, EC, and OC) in the three cases (i.e. the base, detailed and aging case) was examined by comparing the simulations to observations at CTR (see the performance metrics shown in Table S3 ). Diurnal patterns of simulated individual monoterpenes against observations are shown in Fig. 1 , with oxidants including hydroxyl radical, O 3 , nitrate radical, and gas-phase organonitrates shown in Fig. 3 .
Major gases and aerosols
There were no significant differences among the three cases for the simulated species except OC, which showed enhanced performance due to updated representations of BSOA with the detailed and aging models. CO was biased low by ∼30%, and simulated average concentration of NO 2 during the SOAS was almost in line with the observation at rural CTR. CMAQ reproduced 80-90% of observed sulfate and 50-60% of ammonium, but it failed to capture nitrate, which is quite low in warm seasons. The low bias in nitrate is partly explained by model biases in ammonia and sulfate as also found by Yu et al. (2005) . Further, the underestimation of nitric acid (Fig. S9 ) is linked to a high bias in organic nitrate of about the same magnitude (Fig. 3) suggesting that there is an overabundance of organic radical formation. This is tied to reactions of isoprene in the presence of NO x as discussed in Section 3.1.3. Low bias was also shown for EC, likely related to biomass burning, whose emissions were not fully captured in the model. The negative bias of OC changed from −64% for the base case to −43% in the detailed case. By implementing multigenerational oxidation, OC was biased high (normalized mean bias (NMB) of ∼20%). According to the recommended benchmarks for performance statistics (Emery et al., 2017) , criteria for normalized mean error (NME) and correlation coefficient (r) of speciated aerosol were met, while NMBs of ammonium, nitrate, and EC were violated (marked in red in Table S3 ).
Monoterpenes
Base case simulated monoterpene, specifically α-pinene and other monoterpenes (APIN and TERP in the standard SARPRC07tic mechanism) concentrations, show more pronounced diurnal trends than the measurements (Fig. S1) . Model biases for speciated monoterpenes were examined by using the base biogenic inventory except individual monoterpene emissions had not been merged in BEIS3, along with the detailed model (referred to as "Detailed (base emission)" in Fig. 1 ). It is expected that simulated "other" monoterpenes (lower right corner of Fig. 1 ) was likely biased high because only measurements of myrcene and camphene were available, while the simulation in the base case included more species. However, high biases of the individual monoterpene (∼2x for α-pinene and limonene and ∼1.5x for β-pinene on average during 18:00-6:00) were found, though simulated daytime concentrations of β-pinene and limonene were less than half of the observations (Fig. 1) . The influence of the shallow boundary layer on the elevated mixing ratio of monoterpenes at night was found to be minimal in simulations by Vasilakos et al. (2018) , and simulated CO did not show an excessive build up at night either (Fig. S2) . Also, model biases of oxidants, such as high bias of O 3 (Fig. 3) , hardly affected the simulated monoterpenes given that biogenic VOCs were abundant at CTR (discussed in Section 3.3), and only a small quantity of monoterpenes was consumed by reactions with oxidants locally. This suggests that the inability to reproduce observed monoterpenes is linked to emissions.
The emission profiles of α-pinene, β-pinene, and limonene were modified. The modified diurnal emissions variation leads to increased emissions during the day (Fig. 2) . This supports a possibility of a direct response to photosynthetically active radiation (PAR), but is not direct evidence. This can also be attributed to uncertainties in the emissions model response to temperature and local heating from solar radiation. Monoterpene emissions estimated by BEIS3 are assumed to increase exponentially with temperature with an exponential factor of 0.09, slightly lower than that applied to the Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1), which is 0.1 (Guenther et al., 2012; Pouliot and Pierce, 2009) . Adjusting emissions to best capture the observed gas-phase concentrations of those compounds led to the NMB, for hourly monoterpene concentrations, being reduced from 13-160% to 1-45% with higher correlations in both the detailed and aging case ( Fig. 1 ; simulated monoterpene concentrations in the aging case were very close to the detailed case and thus not shown). Therefore, adjusting emissions possibly reduces the influence of biased emissions on the simulated SOA M .
Hydroxyl radical, O 3 , nitrate radical and gas-phase organonitrates
Simulated OH radical concentrations were in line with the observations in the base and detailed cases (Fig. 3) . Increased emission rates of monoterpenes with the detailed model slightly decreased OH radical peak values slightly. The aging model obtained almost the same level of oxidants as in the detailed case (Table 1) due to the assumption that the aerosol aging processes do not consume a significant amount of gas phase oxidants in the model. Observed O 3 levels were low during this period, averaging only ∼26 ppb; the simulated O 3 levels were also low, though they were biased high by ∼9 ppb, corresponding to NMB of 34-35% (Table 1) . The detailed and aging models had a minor effect on simulated OH radical and O 3 . However, the simulated NO 3 increased during the night, from a tendency towards a low bias (−18.3%) to a high bias (48.3%) compared to NO 3 SS . As indicated by Ayres et al. (2015) , reactions with monoterpenes were the dominant sink of NO 3 radical at CTR at night, and the high monoterpene levels suppressed NO 3 . With the reduction of simulated nocturnal monoterpene emissions, the negative model biases in the early morning decreased in the detailed case with a simulated peak of ∼2 ppt at 5:00 a.m., and NO 3 in the late evening was biased high by a factor of 2.
Compared to the base case, simulated gas-phase organonitrates increased by ∼10% with the updated monoterpene description (both emissions and gas-phase chemistry). The percentage was small relative to the increase in daytime monoterpene emissions (Fig. 2) , suggesting a limited contribution of monoterpenes to gas-phase organonitrates, with isoprene being a more important contributor (anthropogenic VOCs were low at CTR). A fraction of monoterpene-formed organonitrates, which are supposed to condense onto particles and become part of BSOA, remained in the gas phase in the model. However, its effect on high bias of gas-phase organonitrates (∼90%) was minor. The elevated concentration around 10:00 a.m. indicated oxidations in the presence of NO x could be mainly responsible for the production of gas-phase organonitrates, instead of nitrate radical chemistry. Therefore, high bias of gas-phase organonitrates might result from overestimated formation of organonitrates from high NO x photooxidation in the model.
Simulated organic aerosols
Organic aerosols were biased low, more so in the base case (∼−50%) than the detailed case with updated yields of monoterpene + NO 3 (∼−20%; Fig. 4 (a) and Table 1 ). One reason for the low bias was that highly variable and uncertain primary emissions, such as from biomass burning, were not fully captured. This was examined by comparing model biases for EC versus OC, and CO versus OC (Fig. S3) , as emissions of CO and EC are substantial for biomass burning Heald and Geddes, 2016; Zhang and Wang, 2016) , and prescribed fires are common in the SE US (Garcia-Menendez et al., 2013; Odman et al., 2014; Penkett et al., 2007) . When simulated OC was low, EC and CO were typically also biased low, suggesting a potential influence of biomass burning on OC simulation. For better comparison, we subtracted the biomass burning OA (BBOA) from the total measured OA (grey line in Fig. 4 (a) ). Note that the calculated BBOA likely represents the relatively fresh OA from biomass burning, while aged OA from biomass burning is apportioned to the MO-OOA (Xu et al., 2015b) . Aged BBOA missing from the model could partly explain the observation-simulation gap in the detailed case, even though BBOA had been excluded from the observation. The observation-model agreement of the detailed model improved compared to the baseline, with the simulated OA increasing from 2.25 to 3.40 μg m −3 at night (20:00-6:00 Local Time) mainly due to the updated yield. The daytime concentration increased from 2.07 to 2.76 μg m −3 due to the adjustment of emissions. The high bias of SOA I was one of the reasons the simulated OA was ∼70% higher than the observation with the aging model (Fig. S4) . By excluding SOA I from either the simulated or observed OA, the positive bias of the aging model decreased to ∼40% (Fig. 4 (c) and Table 1 ). Xu et al. (2015a) proposed that the PMF-identified subtype LO-OOA is likely related to organonitrates, which is the primary component of SOA formed from monoterpene + NO 3 . The diurnal variations of LO-OOA and SOA M were examined (Fig. 4 (b) ). In the detailed case, SOA M was responsible for approximately one-third of LO-OOA, with a substantial fraction (∼80% on average) of SOA M coming from monoterpene + NO 3 at night when high levels of LO-OOA and simulated SOA M occurred (Fig. 4 (b) ). The contribution of SOA M to LO-OOA in this study was smaller than that simulated in Xu et al. (2018) as different parameterizations were adopted: (1) SOA M via O 3 /OH oxidation in Xu et al. (2018) used the VBS framework with parameters obtained from Saha and Grieshop (2016) , while this study used two-product Griffin et al. (1999) , which likely led to low biases of SOA M from photochemistry. (2) SOA M via NO 3 oxidation in Xu et al. (2018) was simulated by tracking the formation and partitioning of gaseous organic nitrates, differing from the two-product model with species-specific SOA yields applied in this study. Fry et al. (2014) found that the fraction of total aerosol mass produced by the NO 3 chemistry due to organonitrates ranges from 56 to 82% for varied terpene species. If this were true, organonitrates originating from monoterpene + NO 3 would account for 15-26% of LO-OOA. However, based on the report from Xu et al. (2015a) that 15-26% of LO-OOA is contributed by organonitrates in the early morning, and the assumption that 65% of organonitrates is from monoterpenes according to Lee et al. (2016) , we roughly estimated that 13-20% of LO-OOA could be attributed to the reactions of monoterpenes with NO 3 . The contribution of monoterpene-formed organonitrates to LO-OOA in the detailed case (15-26%) is similar to the observation-based estimation (13-20%). By using the detailed model, negative biases for observed OA (without BBOA and isop_OA) remained (Fig. 4(c) ). Possible reasons include: (1) Negative biases of OA mass loading leads to less SVOCs partitioning into the condensed phase, which is particularly the case when biomass burning occurs; (2) Multigenerational oxidations of SVOCs are possibly suppressed in the chamber experiments, leading to lower SOA yields measured. Thus, the influence of multigenerational oxidation was investigated with the aging model. Simulated OA (without SOA I ) was greatly enhanced by incorporating multigenerational oxidation of SVOCs into CMAQ, and this level can be comparable to the sum of MO-OOA and LO-OOA (Fig. 4 (c) (d) ). MO-OOA has the highest OM:OC ratio (2.47) among the four OA factors identified at CTR. There is observational evidence that MO-OOA shows correlation with O 3 in summer in the SE US, with the oxidation of biogenic VOCs serving as a source of summertime MO-OOA in this region (Xu et al., 2015b) . In the aging case simulation, ASVOCs with OM:OC ratio (2.1) presumed in the model were less oxygenated than observed MO-OOA. ASVOCs predominantly originated from monoterpenes which accounted for ∼70% (Fig. 4(d) ) at CTR. The aging model captured pollution events with high levels of OA. In a few cases, elevated OA was simulated, but the observation did not increase as much. The simulated OA concentration at CTR during the SOAS campaign was 4.1 μg m −3 on average, with 2.7 μg m −3 from multigenerational oxidation processes, and OA was biased high by 36% compared to the observation. The positive biases of OA (Fig. 4(c) ) were more significant at night, implying that initial OA contributed by monoterpene + NO 3 could be overestimated. For example, "other" monoterpenes using the yield of β-pinene + NO 3 , might not produce SOA as efficiently as β-pinene. More importantly, the SOA yield for limonene + NO 3 applied in the detailed and aging models was obtained assuming that NO 3 radical oxidized both double bonds of limonene (Boyd et al., 2017) , but this was not the case at CTR due to abundant BVOCs, as discussed in Section 3.3. With combined oxidation by NO 3 and O 3 , SOA yield could be lower, e.g. ∼40% at a mass loading of 10 μg m −3 (Fry et al., 2011) . The 16-day test using SOA yield for limonene + NO 3 of 40%, with the assumption that SOA formed from this pathway is non-volatile (the yield curve was not available), showed that the simulated OA without SOA I decreased from 4.1 to 3.8 μg m −3 at night (indicated as Lim40 in Fig. S5 ), with the NMB decreasing from 19% to 11%. Two additional tests (indicated as Half and No_O3 in Fig.S5 ) were conducted. One was motivated by the conjecture that SVOCs react with O 3 /OH at a lower reaction rate than the precursor VOC. For instance, this was true for either the first generation products of isoprene reacting with OH (i.e. hydroxyhydroperoxides (ISOPOOH) or methacrolein (MACR)) compared to isoprene (Xu et al., 2014) , or the oxidation products of α-pinene + OH (Eddingsaas et al., 2012) . A 50% reduction in the aging rates of SVOCs corresponded to ∼30% decrease of ASVOCs and resulted in almost the same level of mean OA concentration as the , suggesting that O 3 aging only accounted for a small fraction (∼20%) of ASVOCs in the aging case while OH oxidation dominated the aging processes. High biases, with NMB of 8%, for simulated OA remained even with no O 3 aging. Other aging processes such as fragmentation and photolysis were not investigated in this work which might also contribute to high biases of OA.
Contribution to SOA M
The spatial distribution of BSOA formed from monoterpene via various oxidation pathways (Fig. 5 (a) (b) ) shows that SOA M was predominantly from reactions with NO 3 radical due to the high aerosol yield. Nitrate radical chemistry produced up to ∼0.9 μg m −3 BSOA, three times as much as that from oxidations by oxidants dominant during the day (e.g. O 3 and OH). The spatial patterns of the two pathways were similar, with an elevated concentration in the southern and southeastern US, co-located with emission sources. When multigenerational oxidation was considered, ASVOCs became a critical component of SOA M (Fig. 5(c) ). They spread widely and showed different spatial variation from the initial SOA M . The simulation without O 3 aging (No_O3) yielded a similar spatial distribution of ASVOCs (Fig. S7 ), suggesting that it should not be determined by O 3 concentration. It could not be associated with OH radical either, due to different spatial pattern between OH and ASVOCs. Therefore, the accumulation of ASVOCs could likely be driven by meteorology or longrange transport. Compared to the simulation conducted by Pye et al. (2015) (Fig. 1 (a) (c) in that paper), initial SOA M from nitrate radical chemistry in this work was lower by a factor of ∼2, but it was comparable to the estimation in Pye et al. (2015) when ASVOCs were included. While the focus of this manuscript was on simulating monoterpene SOA formation in the Southeast, inclusion of the multigenerational aging of terpene-related species leads to a high bias in the Southwest US, in and downwind of regions with high monoterpene emissions (Fig.  S11) . Recent work using satellite HCHO retrievals and model inversion methods by Kaiser et al. (2017) has found a high bias in emissions in Texas linked to a factor of about three high bias in isoprene emissions due to land use classification issues, which could also lead to biases in terpene emissions. Examination of satellite photos of the area with high terpene emissions shows it to be relatively barren, with patches of agriculture. The dominance of terpene-related oxidation products contributing to SOA, versus isoprene or fungal spores, in the Southwest are consistent with detailed chemical characterization of contemporary carbon in the SOA (Schichtel et al., 2008; Holden et al., 2011) . Further studies of biogenic SOA formation in the Southwest are underway. The total loss rate of various monoterpenes to oxidants was simulated to be in the range of 0.21-0.34 ppb h −1 at CTR (Fig. 6 (a) (b) ), one or two orders of magnitudes lower than the estimated total emission rate. For instance, the emission rate of 0.01-0.13 mol s −1 km −2 for α-pinene ( Fig. 2) was equivalent to 1-20 ppb h −1 presuming the boundary layer height (BLH) was in the range of 500-1500 m. Oxidants depleted a small fraction of emitted BVOCs suggesting CTR remained in the oxidant-sensitive regime. The large abundance of BVOCs suppressed the oxidant levels. Depletion of monoterpenes was dominated by O 3 and OH oxidations during the daytime, tending to peak from 7:00-15:00 Local Time. At night (20:00-5:00 Local Time), reaction with NO 3 increased in importance, making up ∼22% of monoterpene losses ( Fig. S8 (a) ), specifically 23% of α-pinene losses and 29% of β-pinene losses. This was in line with the estimated reaction branching ratio of monoterpene with respect to O 3 versus NO 3 based on measurements at CTR which is 0.21 for α-pinene + NO 3 and 0.38 for β-pinene + NO 3 , respectively (Xu et al., 2015a) . The contributions of individual monoterpene via various oxidation pathways to SOA M formation (Fig. 6 (c) (d) (e) ) were quite different in comparison to loss rates. Even at night when NO 3 concentrations built up, O 3 still dominated monoterpene oxidation at CTR, while the lower aerosol yield for reactions with O 3 weakened the role of O 3 oxidation in SOA M production. O 3 and OH radical oxidation produced a total of ∼0.2 μg m −3 aerosol masses corresponding to ∼9% of SOA M (Fig. S8 (b)), nearly half of the amount derived from NO 3 oxidation (∼18% of SOA M ). On average, limonene contributed 53% to SOA M formed from nitrate radical chemistry, up to 0.5 μg m −3 in the early morning, followed by β-pinene reactions that contributed 28%. ASVOCs were the dominant component of SOA M , maintaining over 1.5 μg m −3 and peaking in the afternoon.
Conclusions
Monoterpene reactions with NO 3 were found to be responsible for most of the OA production at night during the SOAS campaign. However, CMAQ historically has found simulated OA levels biased low during the summer, and part of this bias was found to be due to a low bias in the formation of OA from monoterpene-NO 3 reactions. In this study, CMAQ was extended to include updated species-specific emissions, reactions, aerosol yields, and partitioning parameters of monoterpenes. Particularly, the extension included updated yields for nitrate radical chemistry (which is particularly important at night), instead of those based on daylight experimental data. Biogenic emissions calculated online with BEIS3 were also constrained using species-specific observations. With the more detailed model, simulated OA increased by ∼1 μg m −3 on average, reproducing ∼80% of the observed OA (without BBOA) at CTR. Simulated monoterpene-derived BSOA constituted one-third of LO-OOA at night and showed a more consistent diurnal pattern than the baseline. By implementing a multigenerational oxidation scheme, the gap between measurements and simulation was further reduced, and the model simulated elevated OA episodes, comparable to the measurements (LO-OOA + MO-OOA), with a high bias of 36%. Aged SVOCs were the dominant components of monoterpenederived BSOA, contributing over 1.5 μg m −3 (> 60%) on average, underscoring the important role that multigenerational oxidation may play in SOA formation. Initial SOA via nitrate radical chemistry contributed up to 34% at night. However, with a biased high of the simulated OA concentration, aerosol productions in the aging model may represent an upper limit of the SOA formation from the multigenerational oxidation. This work revealed that updating SOA yields for monoterpene + NO 3 reactions with recent experimental data (e.g. for β-pinene/limonene + NO 3 ) increases simulated OA at night as seen in observations, particularly in locations with abundant BVOCs interacting with anthropogenic emissions. However, it calls for more chamber studies exploring BSOA formation from other monoterpenes.
Additionally, aerosol yields for reactions of monoterpene with O 3 /OH in the model were outdated and should be updated at lower OA mass loadings, more relevant to the real atmosphere. Implementing multigenerational-oxidation of BVOC + NO 3 chemistry is recommended, in line with recent chemistry analyses and field observations. This work also found that the diurnal emission profile by BEIS did not produce observed BVOCs and that more examination is warranted.
